. Antibiotics potentially used in response to bioterrorism and the risk of major congenital malformations. Paediatric and Perinatal Epidemiology 2009; 23: 18-28. This study was designed to assess the association between pregnancy-related exposures to antibiotics recommended for use in the event of a bioterrorism attack and major congenital malformations. A retrospective cohort study included 30 049 infants from Tennessee Medicaid born between 1985 and 2000 identified from computerised state databases. Infants with fetal exposures to ciprofloxacin, azithromycin, doxycycline and amoxicillin (antibiotics recommended for potential bioterrorism attacks) (n = 24 521) and erythromycin (included as a positive control) (n = 2128) were compared with infants with no fetal exposure to any antibiotics (n = 3400). Major congenital malformations identified from computerised records were confirmed through medical record review.
Introduction
Recent events have shown that bioterrorism is a potential threat to the health of the public. [1] [2] [3] [4] In the event of a bioterrorist attack, it is likely that large populations of individuals would require antibiotic prophylaxis or treatment, including many pregnant women. 5 Unfortunately, little is known about the safety of fetal exposure to these drugs. [6] [7] [8] [9] Data from animal studies suggest that some of the agents may plausibly be associated with congenital malformations including fluoroquinolones, which have been associated with degeneration of cartilage tissue in mice, 10 and doxycycline, which has been shown to result in placental anomalies in mice, possibly because of doxycycline's inhibitory effect on cytokines and matrix metalloproteinases. 11 In addition, a previous study by our group suggested an association between pregnancy exposures to non-erythromycin macrolides and pyloric stenosis. 12 Much of the current information on antibiotic use during pregnancy in humans comes from voluntary reporting mechanisms, unpublished data, case reports of exposure and relatively small controlled studies. 6, 9, 13 Given the limitations of these methodologies, better data on the fetal effects of antibiotics are needed. 9 We thus used a large Medicaid database, linked with birth and fetal death certificates, to conduct an epidemiological study assessing the association between exposure to antibiotics recommended for use in the event of an anthrax, plague or tularaemia attack (ciprofloxacin, doxycycline, amoxicillin and azithromycin) and an antibiotic selected as a positive control (erythromycin) and major congenital malformations. 1, [3] [4] [5] 14 The risk for fetal exposure to these antibiotics was compared with that of infants with no fetal exposure to any antibiotics.
Methods
The study was performed using the Tennessee Medicaid database, in which filled prescriptions provide a good record of maternal medication use and links to birth certificates and medical records permit identification of pregnant women, estimated conception dates and potential congenital malformations. 12, [15] [16] [17] [18] Linkage of maternal records with birth certificates has been shown to result in linkage of 90-92% of pregnancies using Tennessee data. 19 All study data were obtained from computerised Tennessee vital records (birth, death and fetal death certificates) linked with Tennessee Medicaid (including TennCare) files 19, 20 and US census data. 21 Vital records, Medicaid enrolment and census files provided information on maternal and infant factors [age, race, education, prior pregnancies, last menstrual period (LMP), county of residence, block group income, late entry into prenatal care, 22 maternal smoking, county of residence, birth year, multiple births]. Maternal use of prescribed medications was identified from Medicaid pharmacy files. Drug exposure was assumed to begin on the date that the prescription was filled and extended to the end of the days of supply. Diagnoses (ICD-9-CM) from Medicaid inpatient, emergency department and physician visit records were used to identify both potential congenital malformations and chronic maternal illnesses.
The study cohort was selected from all births in Tennessee between 1985 and 2000 (n = 1 260 807) with maternal enrolment in Medicaid on the date of delivery (n = 509 202) (Fig. 1) . To ensure complete ascertainment of exposures and outcomes, the cohort was restricted to 164 808 pregnancies in which the mother was enrolled throughout pregnancy (90 days preceding the LMP to delivery/fetal death with no gaps >30 days), there was complete information on the birth certificate for key variables, and the infant was enrolled for the first 90 days of life or until the date of death. From this group, 33 456 infants were selected who: (a) had exposure to one of the antibiotics of interest (including any use of ciprofloxacin, azithromycin or doxycycline, and a random sample of 50% of women with use of amoxicillin), (b) were included in a random sample of women who took erythromycin during pregnancy (a positive control), selected at a ratio of 5 : 1 to ciprofloxacin users based on year of birth, or (c) were included in a random sample from 52 474 women who did not take any antibiotics during pregnancy, selected at a ratio of 5 : 1 to ciprofloxacin users based on year of birth. Births with evidence of maternal diabetes (defined as maternal filling of at least one prescription for insulin or an oral hypoglycaemic, a single hospitalisation with a diabetes diagnosis or two outpatient encounters with a diabetes diagnosis) (n = 1002) or filling of other prescriptions of medications thought to be teratogenic (leuprolide, danazol, angiotensin converting enzyme inhibitors, coumadin, carbamazepine, phenytoin, valproic acid, lithium, streptomycin, kanamycin, fluconazole, quinine, tetracycline, diethylstilboestrol, oestradiol, misoprostol, thalidomide, iodine, methimazole, arbmiazole, etretinate, acitretin, isotretinoin, statins, ribavirin, aminopterin) 6, 23 (n = 2405) were excluded, leaving 30 049 in the final cohort.
The study outcome was the presence of a major congenital malformation not related to a chromosomal defect. Possible malformations were identified from multiple sources, including the birth certificate checkbox for congenital malformations (from 1989 on) and hospital discharge diagnoses indicating possible malformations for the birth or subsequent infant hospitalisations (first 365 days of life), fetal death (fetal deaths occurring after 20 weeks gestation) or death certificates (deaths occurring before the first birthday) and the maternal delivery hospitalisation or that associated with the fetal death. For multiple births in which the computer files identified one child with a possible malformation, the associated twin or triplets also were considered to have possible malformations.
For each possible congenital malformation, trained study nurses unaware of maternal drug exposure reviewed the pertinent medical records to complete a structured abstract form. The reviewers confirmed demographic information, recorded any congenital malformations included in the face sheet, discharge summary, birth record, admission history and physical examination, surgical reports, radiology reports or autopsy records. 23 Reviewers also identified any Antibiotics and risk of congenital malformations 19 transfer hospitalisations and obtained and reviewed records for these. Quality control procedures included re-abstraction of a random sample of nurse charts, where agreement between the presence or absence of a selected malformation was found in 100% of the charts. In addition, a 10% random sample of charts in which the physician reviewers had made a final diagnosis were re-adjudicated without knowledge of the original decision (n = 191). In this sample, there were no cases reclassified as to case status or organ system involvement. Confirmed malformations were those meeting the definitions of the Metropolitan Atlanta Congenital Defects Program. 24 These utilised data from the medical records, including physical examination, imaging studies and surgical procedures, appropriate for each individual malformation. For example, confirmation of a diagnosis of transposition of the great vessels required an echocardiograph, cardiac catheterisation, surgical note or autopsy that included this diagnosis. The study definitions from the Metropolitan Atlanta Congenital Defects Program also consider gestational age; for example, infants classified as having patent ductus arteriosus had to have a gestational age of greater than 36 weeks. 24 The study principal investigator used the structured abstract form to assign a final diagnosis using the code book index from the Metropolitan Atlanta Congenital Defects Program. 24 In ambiguous cases, the diagnosis was adjudicated in consultation with a second investigator. Possible cases in which the medical record mentioned the diagnosis but the necessary supporting data were absent were not considered confirmed malformations. Unconfirmed cases were excluded from the analysis. (n = 1 843) (n = 14 534) (n = 2 128) (n = 6 097) (n = 3 400) Figure 1 . Cohort assembly. a Any use of ciprofloxacin, azithromycin or doxycycline and a random sample of 50% of 44 836 women who took amoxicillin during pregnancy, a random sample of 31 428 women who took erythromycin during pregnancy, at ratio of 5 : 1 to ciprofloxacin users, and a random sample of 52 474 women who did not take any antibiotics during pregnancy, at a ratio of 5 : 1 to ciprofloxacin users.
All births in the study group were classified according to maternal antibiotic use during pregnancy. Mutually exclusive categories of fetal exposure were created based on the frequency of recommendations for use of each antibiotic in a bioterrorism attack (e.g. ciprofloxacin was the most commonly recommended antibiotic) and the relative frequency of exposures (with priority given to antibiotics with fewer exposures to ensure adequate power). A hierarchical exposure variable based on these groups included: any ciprofloxacin exposure, any azithromycin in the absence of ciprofloxacin, only doxycycline, only amoxicillin, only erythromycin, exposure to more than one antibiotic (i.e. doxycycline, amoxicillin or erythromycin), and a group of infants with no fetal antimicrobial exposure. The analyses considered both the first four lunar months of pregnancy (LMP through the subsequent 112 days), which is considered to be the period of greatest risk for congenital malformations, as well as the entire pregnancy.
Proportions of congenital malformations for each exposure category were calculated by dividing the number of infants with congenital malformations by the corresponding number of births. Univariable risk ratios were calculated with no antimicrobials as the reference category. Infants with multiple congenital malformations were included in the analyses for each of the individual malformations. The risk ratios were adjusted for potential confounders using a modified Poisson regression. 25, 26 The final model included maternal year of delivery, age, race, residence outside of a standard metropolitan statistical area, quartile of neighbourhood income, chronic maternal illness (hypertension, epilepsy, sickle cell disease, asthma, renal disease, neoplastic disease, cardiovascular disease other than hypertension or diabetes, HIV infection, cystic fibrosis, autoimmune diseases, chronic mental illness, obesity, migraine headaches, Crohn's disease, ulcerative colitis, organ transplant), and delivery in a hospital with a level III neonatal intensive care unit. Delivery in a hospital with a level III neonatal intensive care unit was included because of the possibility of ascertainment bias if infants with maternal antibiotic exposure were more likely to be delivered in hospitals with more sophisticated diagnostic equipment. Inclusion of other potential confounders did not materially affect study findings.
To account for the possible correlation induced by multiple pregnancies during the study period and multiple gestations, models were fit using generalised estimating equations. 27 In multiple gestation pregnancies (identified by linking each woman with a unique study identification number throughout the study years), 19 we included all infants from the pregnancy and controlled statistically for non-independence of the outcomes. For some congenital malformations, small numbers precluded controlling for possible correlations; we then assumed independence. For malformations in which we could account for such correlations, the regression results were not materially different from results using models in which we assumed independence. In some analyses, proportions were estimated adjusting for potential confounders using the method of marginal prediction, 28, 29 with bootstrapping 30 to calculate P-values and 95% confidence intervals. For the primary outcome of having any major malformation, detectable risk ratios ranged from 1.4 for amoxicillin to 1.9 for ciprofloxacin, assuming a = 0.05, b = 0.08.
Permission to perform the study was obtained from the Vanderbilt University Institutional Review Board, the State of Tennessee Health Department, the TennCare Bureau and the hospitals where medical records were reviewed. The study was considered exempt by the Vanderbilt University Institutional Review Board.
Results
The 30 049 study births included 26 649 infants who had fetal exposure to antimicrobials. Mean and median days of exposure, daily dose and other maternal characteristics for each antibiotic category are shown in Table 1 . When compared with the 3400 infants without such exposure, the former had mothers that were more likely to have one or more chronic illnesses. The maternal characteristics for infants exposed to antimicrobials were generally similar, although the ciprofloxacin-exposed infants had mothers that were slightly older, more likely to live in a rural county, and to have a chronic illness. Azithromycin-exposed infants had mothers who were more likely to be black and live in urban settings. Reported maternal smoking was increased in the ciprofloxacin, amoxicillin and erythromycin groups, consistent with the frequent use of these antibiotics for smoking-related respiratory infections.
There were 869 (2.9%) study infants with major congenital malformations; 203 had more than one malformation. The 869 infants with major malformations The adjusted proportions of infants with major congenital malformations did not vary materially according to maternal antibiotic use ( Fig. 2) with risks ranging between 2.5% and 3.0%. The multivariable analysis provided no evidence that infants with fetal exposure to study antibiotics during the first four lunar months of pregnancy had greater risk of malformations than did infants with no fetal antibiotic exposure (Table 2) . Similar findings were present in analyses for cardiovascular, genito-urinary, central nervous system, gastrointestinal, musculo-skeletal and orofacial defects. Of note, with the exception of oral clefts, none of the point estimates for exposures during the first four lunar months of pregnancy indicated a greater than twofold increase in risk.
We assessed the risk of major congenital malformations for infants with fetal exposure to antimicrobials at any time during pregnancy (Table 3 ). There was no significantly increased risk of congenital malformations associated with fetal exposure to any of the study antimicrobials during the entire pregnancy. Did not account for clustering from multiple pregnancies and twins/triplets.
Discussion
In this study of a cohort of more than 30 000 infants, we found no evidence that the risk of overall major congenital malformations in infants with fetal exposure to antibiotics likely to be used in the event of a bioterrorism attack during the first four lunar months of pregnancy was greater than that of comparable infants with no fetal antibiotic exposure. 12 We also found no increased risk to the fetus for exposures occurring at any time during pregnancy. For many of the drugs of interest, this study was the largest to date analysing pregnancy-related exposures. For example, the largest number of exposures to ciprofloxacin previously described in a single study was 105; 31 our study identified 588 exposures. Nevertheless, there was insufficient power to rule out large increases in risk.
Although the primary purpose of our study was to evaluate the fetal effects of antibiotics indicated for exposure to the organisms most likely to be used in a bioterrorism attack, the findings also provide important safety data for the use of these antibiotics in clinical practice. Women receive the study antibiotics for a variety of indications, and previous data suggest that use is relatively common during pregnancy. 9, 32, 33 All of the study antibiotics cross the placenta (and are also expressed in human breast milk). 6, 9 Thus, pregnancyrelated exposures would result in fetal exposure to the antibiotics, highlighting the importance of understanding the potential teratogenic effects of these medications. 9 Prior studies have used several methods to identify exposures among cases of birth defects. 7, 13 Most have relied on voluntary reporting by mothers or health care providers to identify exposures, which may introduce recall or other information bias. This limitation may be more pronounced for case-control studies that relied on unconfirmed maternal recall of pregnancy-related antibiotic exposures. Some studies have identified birth defects from computerised records of health care encounters, with no further verification. We identified medication exposure from pharmacy records of filled prescriptions, which should not be subject to recall bias. We also confirmed potential congenital malformations through medical record review. Finally, we included several previously described predictors of birth defects in multivariable analyses. Our data thus provide good evidence that exposure to the study antibiotics is not associated to a material degree with common birth defects.
Our study also included large numbers of racial minorities and low-income persons, populations of women and infants that have been understudied previously and are particularly less likely to participate in voluntary reporting studies. [34] [35] [36] Thus, these populations have not been included in many previous studies of pregnancy-related medication exposures and birth defects.
Our study had some limitations. First, while the prescription data used in this study have been previously validated and shown to provide unbiased estimates of medication use in several populations, 20,37-39 we do not know whether or not the women in our study actually took the medications that were prescribed. In a previous study of pregnancy-related prescribing, many women filled repeated prescriptions for various medications throughout pregnancy, suggesting that filling is a reasonable indicator of taking the medication. 18 In addition, it is possible that our birth defect algorithms failed to identify all birth defects occurring in infants whose mother took the medications of interest. For example, there may be a very small number of malformations that would become evident only after the first year of life. However, extending the continuous enrolment requirement to capture all of these outcomes would potentially lead to a significant loss of power. In addition, failure to identify all birth defects would not be expected to be differential among the exposure groups in our study. While power to detect differences in malformations was adequate to detect a twofold increase in risk of any major congenital malformation, power for specific organ systems and specific malformations was somewhat lower. In addition, our grouping of defects by organ system using study definitions from the Metropolitan Atlanta Congenital Defects Program could potentially mask associations for specific malformations. 24 Study power was not sufficient to allow comparisons for each malformation.
The study Medicaid population could introduce concerns about the generalisability of study findings to the entire US population. However, in this study, which only involves medication use and possible birth defects, generalisability is less of an issue because detection of birth defects should not be different among the Medicaid population than among the US population in general. In addition, the Medicaid program currently covers 50% of births in Tennessee, and nationwide covers 30% of children. 40 Thus, the large numbers of women and their infants in our study represent an important proportion of the overall US population. Finally, the data sources used for this study do not include pregnancy losses occurring before 20 weeks post conception. The inclusion of a cohort of women and infants with complete enrolment records reduced the size of our potential cohort, but at the same time facilitated complete ascertainment of exposures and outcomes.
In conclusion, these data suggest that the use of ciprofloxacin, azithromycin, doxycycline or amoxicillin in the event of a bioterrorism attack in large populations of women, including pregnant women, should not result in a greater overall incidence of major birth defects in infants whose mothers take these medications. However, because this study cannot rule out large increases in risk for the many types of specific birth defects, further study of specific congenital malformations is warranted.
